The effects of the slow C a + + channel blocker, nlfedlplne, and ACAT inhibitor, octlmlbate, on cholesterol-loaded macrophages were compared at the ultrastructural level. The C a + + antagonist Induced the formation of membrane-surrounded "lamellar bodies" originating from lysosomes. The macrophages secreted these lamellar bodies, which were rich In phosphollplds and cholesterol, into the culture medium even In the absence of cholesterol acceptors. In contrast, the ACAT Inhibitor Induced the formation of lamellar bodies originating from llpld droplets, which were also surrounded by membranes. There Is strong evidence that these latter membranes were newly synthesized at the margin of the llpld droplets by the endoplasmlc retlculum. The lamellar bodies descending from llpld droplets after ACAT Inhibitor treatment were not secreted by the cells. They were stored In the cytoplasmlc compartment In the absence of high density llpoprotelns (HDL). When HDL were added to the medium, the lamellar bodies specifically Interacted with endosomes containing the Internalized HDL particles and disappeared concomitantly with an enhanced HDL-medlated cholesterol efflux. From the biochemical data In the accompanying article and the morphological data here, we conclude that macrophages release cholesterol by two major pathways: 1) an HDL-lndependent secretion of lamellar bodies containing cholesterol, which originate from lysosomes, and 2) an HDL-dependent release of cholesterol via the formation of lamellar bodies descending from llpld droplets, which Intracellularly fuse with HDL-contalnlng endosomes. The cholesterol-enriched HDL are then secreted as Intact llpoprotelns. (Arteriosclerosis 8:57-67, January/February 1988)
M
acrophages play an important role in body cholesterol metabolism. They take up and degrade significant amounts of cell membranes and plasma lipoproteins.
1 ' 2 -3 Since cholesterol homeostasis is important for normal cell function, cholesterol influx in macrophages must ultimately be balanced by an appropriate efflux of cholesterol. The precise mechanism by which macrophages release large amounts of cholesterol is still not completely understood. In early experiments Werb and Cohn 4 demonstrated that macrophages excrete only unesterffied cholesterol irrespective of whether they take up unesterified or esterified cholesterol. In more recent experiments, Ho et al. 5 elaborated that the excretion of stored cholesterol from macrophages requires a cholesterol acceptor in the culture medium. The following agents were shown to be effective as cholesterol acceptors: high density lipoproteins (HDL), whole serum, d>1.21 g/ml serum fraction, intact erythrocytes, casein, and thyroglobulln. On the other hand, low density lipoprotein (LDL), albumin, gamma globulins, and phophatidylcholine/sphingomyelin liposomes failed to promote cholesterol efflux.
Recent experiments suggest that HDL bind to specific cellular receptors on fibroblasts, arterial smooth muscle cells, hepatocytes, kidney cells 6 (for review see reference 7), and macrophages. 8 ' 9i 10 We demonstrated in our own studies that apo A-l containing HDL bound to a receptor site on macrophages and were internalized via a nonlysosomal pathway into the cytoplasm, where they took up cholesterol and were then secreted from the cells as native lipoproteins.
The HDL receptors increase in number upon cellular cholesterol accumulation and inhibition of acyl-CoA:cholesterol acyltransferase (ACAT). 8 ' 9 ' 10 In monocyte-derived macrophages from Tangier disease patients, retroendocytosis is inoperative and HDL are erroneously directed into lysosomes, leading to the extracellular absence of these lipoproteins and the storage of cholesterol in macrophages and various other cells. 9 Here and in the accompanying article 11 we demonstrate that macrophages promote cholesterol efflux by two major pathways: 1) an HDL-mediated release of unesterified cholesterol increasing upon inhibition of the cytoplasmic enzyme ACAT, and 2) an HDL-independent secretion of cholesterol containing lamellar bodies, which can be amplified by Ca + + antagonists.
57

Methods
Materials
Fetal calf serum (FCS) was obtained from GIBCO BioCult Limited (Karlsruhe, West Germany, catalog no. 629). Dulbecco's Modified Eagle Medium (DMEM) and phosphate-buffered saline (PBS) were purchased from Flow Laboratories (Meckenheim, West Germany, catalog no. 10-331-25 and 18-610-24). Octimibate (sodium 8-[(1,4,5-triphenylimidazole-2-yl)oxy octanoate]) was kindly provided by Hans-Heiner Lautenschlager (A. Nattermann GmbH, Cologne, West Germany). Nrfedipine (1,4-dihydro-2,6-dimethy1-4-[2-nitrophenyf]-pyrtdine-3,5-dicarbonicaciddimethyl ester) was provided by GOnter Thomas, Bayer Milano, Italy. Other biochemicals were purchased from Sigma, Munich, or from Serva, Heidelberg, West Germany.
Mouse Macrophage Monolayers
Murine peritoneal macrophages were obtained from unstimulated NMRI-SPF mice (25 to 35 g) by peritoneal lavage in PBS containing 0.5 U heparin/ml. The peritoneal fluid was pooled and the cells were centrifuged at 400 g for 10 minutes at room temperature. 5 They were washed once with DMEM and were resuspended in DMEM containing 10% FCS, penicillin (100 U/ml), and streptomycin (100 /xg/ml). Aliquots (0.5 to 1.0 ml) of the cell suspension corresponding to the number of cells from two mice ( 3 x 1 0 ® cells) were dispensed into 35 x 10 mm dishes containing 1 ml DMEM with the additions mentioned above. This was incubated in a humidified incubator at 37° C with 5% CO 2 . On the second day, each dish was extensively washed with 1 ml DMEM without serum until there were no nonadherent cells visible under the microscope. Each dish contained 150 to 250 /xg of total cell protein.
Llpoprotelns
HDL 3 (d = 1.125 to 1.21 g/ml) and LDL (d = 1.019 to 1.063 g/ml) were isolated from sera of individual normolipidemic volunteers by sequential ultracentrifugation in a Beckman L 8-70 ultracentrtfuge using a 50.3 Ti or 70 Ti rotor (Beckman) at 4° C. The lipoprotein fractions were dlalyzed against 0.12 M NaCI, 3 mM EDTA (pH 7.4) at 4° C. To remove traces of apo E-containing lipoproteins, whole HDL 3 were subjected to heparin-Sepharose affinity chromatography. 12 All concentrations of lipoproteins are given in terms of their protein content.
Chemical Modification of Low Denlsty Lipoprotein and Cholesterol Loading of Cells
LDL (d = 1.019 to 1.063 g/ml) were acetylated by repeated additions of acetic anhydride as described 13 and were dialyzed against PBS (pH 7.4) at 4° C. The modified LDL showed enhanced mobility on electrophoresis in agarose gel at pH 8.6. Cholesterol loading of macrophages was performed by incubating the dishes at 37° C with acetylated LDL (AcLDL). Protein concentrations and time intervals are indicated in the figure legends.
Electron Microscopy
Conventional Thin Sectioning
At the end of the experiments, the cells were fixed in the culture dish with 3% glutaraldehyde buffered with 0.1 mol/l cacodylate (pH 7.4) at 4° C for 30 minutes. The cells were postfixed with 1% osmium tetroxide in distilled water and then were dehydrated in an ascending ethanol series. The macrophages were removed from the bottom of the culture dish during the propyleneoxid step and were pelleted before being embedded in Epon 812. Diamond knives were used to cut ultrathin sections, which were mounted on 200-mesh copper grids covered with Formvar support films or not covered. The sections were stained with uranyl acetate and lead citrate. They were examined under a Philips EM 301 electron microscope at 80 kV.
Preparation of Cells for Freeze Fracturing
After withdrawal of the medium from the culture dishes, macrophage monolayers were rinsed twice with saline and then fixed for 2 hours at 4° C with cacodylate buffer containing 3% glutaraldehyde. Thereafter the monolayer was scraped off the culture dishes with a rubber policeman and was stored in cacodylate buffer at 4° C.
For freeze fracturing, the cells were soaked for at least 2 hours in 30% glycerol in distilled water. They were then frozen in liquid nitrogen-cooled Freon 22. Replicas were made according to standard techniques on a Balzers BA 300 freeze-etching apparatus equipped with an electron gun evaporator and an oscillating quartz. The samples were fractured at -100° C and 2 x 10" 9 ton. Replicas were obtained by shadowing the fracture surface with platinum and carbon at an angle of 38°, followed by carbon at 90°. The replicas were cleaned overnight in household bleach and were washed in distilled water. They were picked up on 200-mesh copper grids and were examined in a Philips EM 201 electron microscope operated at 60 kV.
Ruthenium Red Cytochemistry
Ruthenium red is a polycationic dye that binds specifically with cell surface acid polysaccharides. Therefore, ruthenium red staining of cells can be used to distinguish surface membranes from internal membranes. Staining of macrophages with ruthenium red was used here to confirm the extracellular location of lamellar bodies after simultaneous exposure of the macrophages to AcLDL and the Ca + + antagonists.
Cells were fixed for 1 hour at 4° C in a mixture of 0.5 ml 3.6% glutaraldehyde and 0.5 ml 0.3% ruthenium red and were washed in 0.15 mol/l cacodylate buffer. They were postfixed at room temperature in a mixture consisting of 0.5 ml 0.5% osmium tetroxide, 0.5 ml 0.2 mol/l cacodytate buffer (pH 7.3), and 0.15 ml 0.15% ruthenium red.
14 Thin sections without electron staining were used for electron microscopic observations.
Add Phosphatase Cytochemistry
Cells were fixed for 20 minutes at 4° C in 2.5% glutaraldehyde in 0.1 mol/l cacodylate buffer (pH 7.2) containing 5% sucrose. After washing in buffer, the cells were incubated for 20 minutes at 37° C in a mixture containing 10 ml 1.25% Na-B-glycerophosphate, 10 ml 40 mmol/1 Tris maleate buffer, 10 ml distilled water, 0.2% PbNO 3 , and 3.75 g sucrose (pH 5.0). After incubation the cells were washed in 0.1 mol/l cacodylate buffer plus 5% sucrose and were postfixed in 1.3% OsO 4 buffered with s-collidine. 15 Specimens Incubated in medium without substrate served as controls. Thin sections without electron staining were used for electron microscopic observations.
Trimetaphosphatase Cytochemistry
Cells were fixed for 20 minutes at 4° C in 2.5% glutaraldehyde in 0.1 mol/l cacodylate buffer (pH 7.2) containing 5% sucrose. After washing in buffer, cells were Incubated for 30 minutes at 37° C in a mixture containing 9 mg of trimetaphosphate dissolved in 2.25 ml of 0.1 mol/l acetic acid, 25 ml H 2 O, and 5 ml of 1.5% lead acetate. The pH was adjusted to 3.9 with 0.1 mol/l HNO 3 and the final volume was 50 ml. After incubation the cells were washed four times with buffer followed by treatment with 1% (NH 4 ) 2 S for 1 minute. This was immediately followed by four additional washes. In the controls, either substrate or lead was omitted. Cells were postfixed in 1.3% OsO 4 buffered with s-collldlne. The samples were dehydrated in ethanol and embedded in Epon 812. Thin sections without electron staining were used for electron microscopic observations.
Preparation of Colloidal Gold and HDL-Gold Complexes
Monodisperse gold sols of 12-nm diameter gold particle size were prepared by reduction of chloroauric acid with sodium citrate as described by Frens. 18 HDL-gold conjugates were prepared and used following our procedure described previously. 8 
Results
Experimental Conditions
The effects of the ACAT Inhibitor, octimibate, and the C a + + antagonist, nifediplne, on the morphology of the macrophages were studied by use of the protocol described In the accompanying paper. 11 The experimental conditions were subdivided into: simultaneous incubation, sequential Incubation, and sequential + Intermediate incubation.
Simultaneous incubation means that the cells were simultaneously exposed for 0 to 8 hours with the cholesterolloading agent, AcLDL, and the appropriate drug (nifedipine [2 jtmol/T] or octimibate [25 ysno\l\\). Sequential Incubation means that the drug was added to the cells after a 12-hour period of cholesterol loading with AcLDL. In the sequential + intermediate incubation studies, the appropriate drug was added to the cells after a 12 hour cholesterol-loading period and the cells were subsequently exposed to a AcLDL-free medium for another 12 hours before the drug was added.
Incubation with AcLDL
Under normal culture conditions, mouse peritoneal macrophages are spread out and flat. They exhibit large nuclei, mitochondria, a well developed Golgi apparatus, rough endoplasmic reticulum, and a number of differently sized vacuoles. Only occasionally are single multivesicular bodies, lysosomes, or lipid droplets present ( Figure 1A) . Exposure of macrophages to AcLDL for 12 hours at 37° C resulted in the formation of numerous large multivesicular organelles with diameters of about 0.5 to 1.5 /im. Approximately 4 to 12 of these so-called "foamy organelles" were observed per section of a cell ( Figure 1B) . Trimetaphosphatase and acid phosphatase reaction products in these organelles indicate that they represent the lysosomal compartments of the cell (Figures 1C and 1D) .
When the macrophages were incubated further for 6 hours at 37° C in a lipoprotein-free culture medium, a substantial portion of the cytoplasm was occupied by lipid droplets. Approximately 6 to 15 lipid droplets were present per section of a cell. Their diameters ranged from 0.3 to 1.5 fim ( Figure 1E ).
Simultaneous Incubation
Treatment of macrophages with AcLDL in the presence of the Ca + + antagonist for 0 to 8 hours at 37° C led to a changed appearance of the foamy organelles (Figures 2A  and 3) . Instead of vesicles ( Figures 1B and 3A) , they accumulated a large number of vacuoles containing lamellar bodies. After 2 hours of incubation, some lamellar material was noted within the foamy organelles ( Figure 3B ). After 4 hours and 8 hours, there were many foamy organelles that contained abundant lamellar membrane material ( Figures  3C and 3D ). There was no significant lysosomal enzyme activity in most of the lamellar bodies. However, the sequence of morphological changes observed during the acquisition of internal lamellar membranes clearly indicates that these organelles are of lysosomal origin. After lamellarization, the amount of acid phosphatase activity is probably too low to be detected. The lamellar bodies consisted of multiple layers of colled membranes with an occasional electron-dense amorphous center ( Figures 3B, 3C , and 3D). Concomltantly, a fragmentation of the foamy organelles into smaller lamellar bodies led to the formation of grape-like structures after 8 hours of treatment ( Figures 3D  and 3E ). Both thin sectioning ( Figure 3D ) and freeze-fracturing ( Figure 3E ) reveal that each lamellar body was surrounded by a membrane which was probably derived from the original membrane of the foamy organelle. Upon prolonged simultaneous exposure to AcLDL and the Ca + + antagonist (for 8 hours at 37° C), these lamellar bodies became increasingly condensed, moved toward the cell periphery ( Figure 4A ), and were released by the macrophages into the extracellular space ( Figures 4B, 4C, 4D , and 4E). No structural differences between the lamellar bodies in the extracellular space and those which were still present inside the macrophages were observed, indicating that on their release these bodies did not change their morphological features. Their extracellular location was confirmed by ruthenium red staining ( Figure 4E ).
After treatment of macrophages with AcLDL in the presence of octimibate for 4 hours at 37° C, the cells were filled with both lipid droplets and vacuoles containing lamellar bodies In a ratio of approximately 1:1 ( Figure 2B ). Prolonged exposure of the macrophages under these expert-rER Figure 1 . Transmission electron micrographs of peritoneal macrophages cultivated under normal culture conditions for 24 hours at 37° C and in the presence of 70 jtg/ml AcLDL for 12 hours at 37° C. A. Under normal culture conditions, the macrophage contains a large nucleus (N), mitochondria (M), Golgi apparatus (G), rough endoplasmic reticulum (rER), and vacuoles (V). x 12,000 B. The cytoplasm ot macrophages cultured In the presence of AcLDL is filled with numerous large multivesicuiar organeiles, so-called foamy organeiles with a' diameter of about 0.5 to 1.5 /im.N = nucleus, x 12,000 C. Higher magnification of individual foamy organelle from a macrophage cultured in the presence of AcLDL after trimetaphosphatase cytochemistry, x 38,000 D. Foamy organelle from a macrophage cultured in the presence of AcLDL after acid phosphatase cytochemistry. The foamy organeiles contain electron-dense reaction products indicating their lysosomal nature, x 38,000 E. Macrophage cultured in the presence of 70 nQlm\ AcLDL for 12 hours and then in the absence of AcLDL for 6 hours at 37° C. A substantial portion of the cytoplasm is filled with numerous lipid droplets ranging in diameter from 0.3 to 1.5 fim. N = nucleus, x 12,000 mental conditions (8 hours, 37° C) did not result in a significant change in the ratio between lamellar bodies and lipid droplets within the section of a cell. In contrast to Ca + + antagonist-treated cells, no lamellar bodies outside the cells were detected. The other organeiles did not seem to be affected by the C a + + antagonist or octimibate treatment, and the macrophages usually had well-developed Golgi apparatus, endoplasmic reticulum, and mitochondria.
Sequential Incubation
Cholesterol-loaded macrophages filled with foamy organeiles and showing the structural features of those cells ( Figure 1B) were treated with the C a + + antagonist for up to 8 hours at 37° C. The foamy organeiles were then converted into vacuoles containing lamellar bodies. This was in contrast to the macrophages cultured in a lipoproteinfree medium without the Ca + + antagonist after AcLDL loading ( Figure 1E ); in this case only a few lipid droplets were found ( Figure 5A ). After treatment with the ACAT inhibitor, the foamy organelles were again converted both to lipid droplets and to vacuoles ( Figure 5B ) that contained lamellar bodies in a ratio of about 1:1 (see Figure 2B ).
Sequential Plus Intermediate Incubation
Macrophages filled with lipid droplets and showing the structural features of the cells in Figure 1E were treated with nifedipine for 8 hours at 37° C. Only a few lipid droplets were converted into lamellar bodies ( Figure 6A ). In contrast, lipid droplets treated with ACAT inhibitor were detected in intimate contact with rough and smooth endoplasmic rerjculum (ER) after 2 hours (Figures 6B and 6C) . At the sites of contact between ER and lipid droplets, membrane whorls were formed after 4 and 8 hours. This resulted in conversion of most of the lipid droplets to lamellar bodies which were surrounded by a newly formed membrane ( Figures 6D, 6E, and 6F) . In ACAT inhibitor-treated cells that were further incubated for 8 hours at 37° C with HDLgold complexes, endosomes containing HDL-gold complexes were observed in close proximity to vacuoles filled with lamellar bodies ( Figure 6G ).
Discussion
We have here compared at the ultrastructural level the effect of the slow Ca + + channel blocker, nifedipine, and the ACAT inhibitor, octimibate, on cholesterol-loaded macrophages. The electron microscopic features of the foamy macrophages which were experimentally induced by a 12-hour period of AcLDL treatment are similar to those previously studied in our laboratory 10 ' 17 and under different experimental conditions by others. 18 The prominent organelles after cholesterol loading are so-called loamy organelles" and are characterized by a muliivesicular content. Enzyme cytochemistry in these foamy organelles reveals large amounts of material positive for acid phosphatase and trimetaphosphatase which indicates their functions as lysosomes. The three different incubation procedures defined as simultaneous incubation, sequential incubation, and sequential + intermediate incubation allow the analysis of drug influences on the two major intracellular cholesterol pools.
Previous investigations have shown that after a 12-hour cholesterol-loading period, 80% to 90% of the cellular cholesterol in macrophages is deposited in endosomes, in multJvesicular bodies, and particularly in lysosomes. Therefore, the simultaneous and sequential experiments were used to study the effects of the drugs on the morphology of these organelles. Under the conditions of sequential + intermediate incubations, most of the cellular cholesterol content was accumulated In lipid droplets, and only minor amounts of cholesterol were present in lysosomal compartments. Therefore, the effects of the drugs on the lipid droplets were investigated under these conditions. Under both simultaneous and sequential incubation conditions, the Ca + + antagonist induced a progressive formation of lamellar bodies within the lysosomes and inhibited the formation of lipid droplets. These data suggest that the tysosome is the principal site of the C a + + antagonist action. Prolonged simultaneous incubation led to the detachment of the lamellar bodies from the lysosomes. There is strong B Figure 5 . A. Macrophage sequentially cultured In the presence of 70 K9/ml AcLDL for 12 hours at 37° C and then in the presence of 2 junol/l nlfedipine for 8 hours at 37° C. The cytoplasm contains many vacuoles with membrane whorls (arrowheads) and only a few liptd droplets (L). x 24,000 B. Macrophage sequentially cultured in the presence of 70 jig/ml AcLDL for 12 hours at 37° C and then In the presence of 25 /unol/l octimlbate for 8 hours at 37° C. In contrast to nifediplne-treated cells, the cytoplasm contains both llpid droplets (L) and vacuoles with membrane whorls (arrowhead*) in a 1:1 ratio, x 30,000 evidence that the lamellar bodies are surrounded by a membrane derived from the original lysosomal membrane. The macrophages secreted these lamellar bodies which were rich In unesterified cholesterol (68%) and phospholipids (21%) into the surrounding medium even when cholesterol acceptors were absent. It can be assumed that the membranes surrounding the lamellar bodies give off special signals for the recognition of the plasma membrane, but the exact mechanisms of lamellar body release into the extracellular environment are not understood. This process seems to be similar to that described for the formation of pulmonary surfactant. 19 " 22 Surfactant is synthesized in alveolar epithelial type II cells, and it exists in at least four morphological forms in vivo. Intracellulariy it is present predominantly as lamellar bodies, while extracellularly it exists as a film at the air-liquid interface, as common \ ." Figure 6 . Higher magnification of Iipid droplets and lamellar bodies of macrophages sequentially cultured In the presence of 70 jtg/ml AcLDL for 12 hours at 37° C, then in the absence of AcLDL for 6 hours at 37° C, and then in the presence of 2 ^mol/1 nifedipine for 8 hours (A) or 25 ^tmol/l octlmibate for 2 hours (B, C), for 4 hours (D), for 6 hours (E), and for 8 hours (F) at 37° C. G. Lamellar body In a macrophage cultured as described for F Incubated with HDL-gokj conjugates for 30 minutes at 37° C. A. x 30,000; B, C. x 44,000; D. x 42,000; E. x 40,000; F. x 32,000; Q. x 20,000 myelin or as tubular myelin in the alveolus. Typical isolated surfactant preparations contain less than 20% protein, and phosphatidylcholine is the major lipid component, accounting for about 70% to 80% of total lipid. Cholesterol is the main neutral lipid, and phosphatidylethanolamine and phosphatidylglycerol are also significant components. 23 Similarities may also be found between the lamellar body release described here and membrane and vesicle shedding, a mechanism whereby cholesterol could be lost from the cells without the presence of a preexisting cholesterol acceptor, as described by Van Blitterswljk et al. 24 In addition, similar myelin-like figures have been observed in cells from patients suffering from various lysosomal storage diseases. The release of these lamellar bodies may protect the patients from overaccurnulation of stored lysosomal material.
26 '
x In contrast, the ACAT inhibitor In the experimental conditions of simultaneous and sequential incubation induced both lamellar bodies and lipid droplets in a 1:1 ratio within the macrophages.
Enhanced conversion of lipid droplets to lamellar bodies in cells under the conditions of sequential + intermediate Incubation Indicated that the lipid droplets are the principal sites of ACAT inhibitor action.
However, treatment with the ACAT inhibitor led to the formation of another type of lamellar body compared to that induced by the Ca + + antagonist. These lamellar bodies were also surrounded by membranes, and there is significant evidence that these membranes were newly synthesized at the margin of the lipid droplets. The intimate contact between smooth and rough ER and lipid droplets upon ACAT inhibitor treatment may indicate a special function of the ER in the conversion process. Whereas the lamellar bodies originating from lysosomes upon Ca + + antagonist treatment were released by the cells, lamellar bodies descending from lipid droplets after ACAT inhibitor treatment were not secreted by the cells. They were stored in the cytoplasmic compartment in the absence of HDL in the culture medium. When HDL were added to the medium, the lamellar bodies specifically interacted with endosomes containing the internalized HDL particles and rapidly disappearead concomitantly with an enhanced HDL-medlated cholesterol efflux. 8 From the biochemical analysis of cellular cholesterol metabolism, as well as from the characterization of the secreted particles 11 and the morphological data presented in this article, we conclude that macrophages release cholesterol by two major pathways: 1) an HDL-independent secretion of lamellar bodies containing cholesterol which originate from lysosomes, and 2) an HDL-dependent release of cholesterol via the formation of lamellar bodies which descend from lipid droplets and intracellularty fuse with HDL-containing endosomes. The cholesterol-enriched HDL are then secreted as intact lipoproteins. 
